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Alterations in renal tubular sodium and water reabsorption in
chronic renal disease in man. Clearance studies were performed
on subjects with GFR from 4 to 127 mI/mm under conditions
of maximal hydration and hypotonic mannitol loading, Non-
electrolyte solute excretion per GFR (UNESV/GFR) was calculated
as [UOsm-2 (UNa + UK)] V/GFR. Fractional sodium excretion
(CNa/GFR) per level of UNESV/GFR in the low GFR group
(GFR<35 mI/mm) was higher initially and increased at a
steeper rate than noted in subjects with normal GFR. Thus
subjects with low GFR appear to have an increased fractional
excretion of sodium in response to a solute load. Fractional
distal tubular sodium load (CH2O/GFR + CNa/GFR) was also
higher initially in the low GFR group at every level of UNESV/
GFR and increased at a more rapid rate in response to a solute
load. Thus azotemic subjects have a decreased fractional reab-
sorption of sodium in the proximal tubule independent of frac-
tional solute load. Nevertheless, an increase in solute load
provokes a greater inhibition of fractional proximal tubular
sodium reabsorption in these subjects than in normals. Fractional
distal tubular sodium reabsorption (CH2o/GFR) in the low
GFR group appeared to be lower at every level of fractional
distal sodium load. The higher CNa/GFR in the low GFR group
appears to be consequent to decreased fractional sodium reab-
sorption in the proximal tubule and an alteration in the capacity
of the distal tubule to reabsorb sodium.
Alterations de Ia reabsorption tubulaire du sodium dans les
affections rénales chroniques chez l'homme. Des etudes de clear-
ance ont été réalisées chez des sujets dont les debits de filtration
glomérulaire (GFR) étaient compris entre 4 et 127 mI/mm. dans
des conditions d'hydratation maximale et au cours d'une charge
de mannitol hypotonique. L'excrétion de substances dissoutes
non electrolytiques par unite de filtrat glomérulaire (UNESV/
GFR) a été calculCe par [Uosm-2(UNa+UK)]V/GFR. L'ex-
crétion fractionnelle du sodium (CNa/GFR) rapportée a UV/
GFR dans le groupe des GFR bas (GFR<35 mi/mm) était
initialement plus élevCe et augmentait de facon plus abrupte
que chez les sujets ayant un GFR normal. Par consequent les
sujets a GFR bas semblent avoir une natriurése exagérée en
réponse a une charge de substances dissoutes. La charge frac-
tionnelle distale du sodium (CHZO/GFR + CNa/GFR) était
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aussi plus élevée initialement dans le groupe des GFR bas pour
chaque niveau de UNESV/GFR et augmentait plus rapidement
en réponse a une charge en substances dissoutes. Done les sujets
atteints d'insuffisance rénale ont une diminution de Ia réabsorp-
tion fractionnelle proximale du sodium indépendante de la
charge fractionnelle en substances dissoutes. De surcroit une
augmentation de Ia charge provoque une inhibition plus grande
de Ia reabsorption proximale du sodium que chez les sujets
normaux. La reabsorption fractionnelle distale du sodium
(CH2O/GFR) dans le groupe des GFR bas est inférieure a celle des
normaux a chaque niveau de charge distale en sodium. Le
CNa/GFR élevé du groupe des GFR bas apparalt être Ia con-
sequence d'une diminution de Ia reabsorption fractionnelle du
sodium dans le tube proximal et d'une alteration de Ia capacité
du tube distal a réabsorber le sodium.
Patients with chronic renal disease and reduced gb-
merular filtration rate are able to remain in salt balance
on a normal salt intake. It is evident, therefore, that these
patients excrete a higher fraction of their filtered sodium
load than do subjects with a normal filtration rate [1].
However, the mechanisms responsible for this increase in
fractional sodium excretion in subjects with chronic renal
disease are not well defined.
Recent studies in partially nephrectomized rats demon-
strated an alteration in sodium transport in the distal
tubule with no inhibition of sodium reabsorption in the
proximal tubule [2]. These workers suggested that the
high osmotic load per nephron, consequent to the high
plasma urea levels, may be responsible for this alteration
in sodium transport. Other workers have demonstrated the
importance of the osmotic load in influencing sodium
excretion in patients with chronic renal disease [3]. On the
other hand, it has been demonstrated that patients with
chrQrtic rensl disease can vary their salt excretion without
changes in osmotic load, and it was suggested that azotemic
patients may have an excess of a postulated sodium diuretic
hormone [4]. However, when experimental unilateral renal
disease was produced in dog, fractional sodium excretion
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was augmented in the ipsilateral diseased kidney in the
absence of an azotemic environment [5]. Moreover, recent
studies in normal rat have suggested that urea loading
does not produce an inhibition of sodium reabsorption in
the proximal tubule [6].
The present studies were performed in order to evaluate
further the extent to which increases in solute load are
responsible for the higher fractional sodium excretion in
human subjects with chronic renal disease. In addition
these studies were designed to permit some localization of
the sites within the nephron of the altered sodium and
water transport in these subjects.
The experiments suggest that the increased osmotic load
per nephron alone is not by itself sufficient to explain the
higher fractional sodium excretion in subjects with chronic
renal disease, but that these subjects do seem to have an
augmented response in fractional sodium excretion
to an osmotic load. There appears to be a marked inhibition
of fractional sodium reabsorption in the proximal tubule in
subjects with chronic renal disease. Some alteration in
distal tubular sodium transport may also be present.
Methods
Twenty-nine subjects with a variety of forms of renal
disease, but with stable levels of renal function, were studied.
No subjects had any difficulty in voiding and all were in
apparent sodium and water balance with no clinical
evidence of expanded or contracted extracellular volume.
Nineteen subjects were maintained on a normal salt intake,
while 10 subjects were maintained for three to five days on
a six to eight gram salt diet. Twenty-four hour urine
collections and daily weights were obtained on the subjects
to check their state of salt balance. Informed consent was
obtained prior to each study. Pertinent clinical information
from each subject is summarized in Table 1.
Subjects had no food intake after 7 p.m. on the day
prior to the study. On the morning of the study inulin was
administered at 0.5 mI/mm via an indwelling venous
catheter. At the beginning of the study each subject drank
water totaling approximately 20 mI/kg body wt. During
the period of water hydration subjects ingested additional
water at a rate matching the urine flow. Urine was collected
by spontaneous voiding. Two collection periods were
obtained after urine flow had increased and stabilized.
Those subjects to whom fludrocortisone was administered
received 0.5 mg by mouth the evening prior to the study,
0.3 mg prior to the onset of the study, and 0.3 mg three to
four hours after the initiation of the study.
After maximal water hydration had been achieved a
solution of 3.75% mannitol was administered i.v. The rate
of infusion was increased progressively to exceed urine flow
rate by 5 to 15 mI/mm. Since urine flow tended to be higher
tn subjects with high GFR the amount of mannitol infused
iended to be higher in these subjects. The study was contin-
ued until urine flow rate could not be increased further.
Blood specimens were obtained at appropriate intervals.
Blood and urine specimens were analyzed for sodiuni
and potassium concentration by a flame photometer
(IL 143), osmolality by a Fiske osmometer and inulin by
the resorcinol method with alkali treatment [7]. Urea was
analyzed by the Technicon autoanalyzer method.
The clearance of inulin was utilized to represent glomer-
ular filtration. Osmotic clearance (Csm), free water
clearance (CH2o), and sodium clearance (CNa) were cal-
culated in the standard fashion [8]. The statistical analyses
were performed by the Eastern Research Support Center,
Veterans Administration, West Haven, Connecticut.
Results
Pertinent clinical data on all subjects are presented in
Table 1. The subjects are divided into three groups: GFR
greater than 80 mI/mm, GFR 35 to 80 mI/mm and GFR
below 35 mI/mm. These subdivisions permit a comparison
between a group of subjects with virtually normal renal
function, a group with modest reductions in renal function
and a group with severe reductions in renal function. As
indicated in Table 1, each group contains subjects with a
variety of forms of renal disease. Blood pressures varied
considerably within each group but systolic and diastolic
pressures were most elevated in the lowest GFR group
(Table 1). The average serum albumin and blood hemo-
globin concentrations were most reduced in the low GFR
groups (Table 1).
With water hydration urine flow increased in all subjects
in association with a fall in urinary osmolality. The highest
urine flow rates and lowest urinary osmolalities were found
in the highest GFR group. Nevertheless, V/GFR was
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Fig. 1. Fractional urea excretion (CurIGFR x 100) versus GFR
for all subjects at maximal water hydration prior to mannitol
loading. Symbols indicate which subjects received a control
salt diet (o), a regular diet (.) and fludrocortisone (El).
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Table 1. Clinical data obtained from all subjects studied
GFR Age B.P.b Hemato- Albumin
Diagnosis crit Florinef® Diet
mi/mm yrs mm Hg % g/lOOml
Group A
TK, no disease
RK, hematuria, minimal glomerular
changea
WV, hematuria
RV, chronic glomerulonephritisa
JD, gout, diabetes
JR, hypertension
Average
Group B
127 32 120/70
124 26 110/60
111 23 120/80
110 49 120/80
96 50 130/70
82 45 150/110
108 38 125/79
+ regular
+ regular
+ control
+ control
WM, gout, staghorn calculi
MB, collagen disease, nonspecific
glomerular changesa
LB, porphyria
DV, chronic active glomerulonephritisa
CH, nephrosclerosisa
RD, diabetes mellitus
RB, generalized arteriosclerosis
CD, hypertension
IP, diabetes mellitus, pyelonephritis
Average
Group C
78 71 160/90
71 49 200/90
65 41 110/80
58 27 160/100
54 53 120/70
45 58 150/70
44 76 140/84
38 45 180/120
35 42 110/70
54 51 148/86
43 3.1
44 3.9
46 3.0
39 2.2
27 2.4
30 2.4
39 3.4
38 3.5
37 3.5
38 3.0
regular
+ regular
regular
regular
+ control
regular
regular
regular
+ control
EJ, chronic pyelonephritis, hypertension
HT, hypertension
EG, hypertension
ML, glomerulosclerosis,a cirrhosis
AT, chronic pyelonephritis
JF, chronic glomerulonephritisa
KS, right nephrectomy, partial left
nephrectomy
CT, hypertension
PG, hypertension, nephrosclerosisa
JH, interstitial nephritisa
GP, chronic pyelonephritisa, sarcoidosis
MJ, chronic glomerulonephritis
BR, hypertension
MT, renal failure, unknown etiology
Average
33 62 180/100
31 34 170/130
31 54 180/120
30 52 150/100
30 50 160/90
29 49 120/85
28 58 140/90
21 49 190/140
15 54 164/100
13 48 135/80
9 42 130/90
6 51 200/90
5 59 166/100
4 58 170/90
21 51 161/100
32 4,0
39 3.8
36 4.2
35 2.9
30 —
32 3.7
40 3.5
33 3.6
34 2.9
32 2.4
24 3.7
22 31
27 2.5
25 2.7
32 3.2
regular
regular
+ regular
+ control
+ control
+ control
regular
regular
regular
regular
+ control
regular
regular
+ control
a Established by renal biopsy
b Blood Pressure
Subjects are divided into three groups: Group A= GFR> 80 mI/mm, Group B= GFR 35 to 80 ml/min, Group C= GFR< 35 mI/mm.
The GFR represents the average value obtained from periods during water hydration in each subject. Florinef® refers to those subjects
who received oral fludrocortisone during the study. The control diet contained 6—8 grams of sodium chloride. The regular diet was
unrestricted with respect to sodium chloride.
highest in the lowest GFR group (Table 2). As anticipated,
plasma urea concentrations were most elevated in the
lowest GFR group. Levels of Curea/GFR were greatest in
the lowest GFR group (Fig. 1).
Whenever differences in mean values for a specific
parameter were noted between the highest and lowest
GFR groups, data from the intermediate group generally
fell between the high and low GFR groups (Table 2). For
purposes of clarity, it was elected to present the results
from grouped data in the figures only from the highest and
lowest GFR groups. Representative studies from the high
and low GFR groups are presented in Tables 3 and 4.
One of the major purposes of the present study was to
evaluate the effects of nonelectrolyte solute loads on tubular
sodium reabsorption at varying glomerular filtration rates.
Nonelectrolyte solute excretion (UNESV) is defined as
[U0sm2(UNa+UK)]XV where Uosm is the urine osmol-
ality, UNa and UK the urinary sodium and potassium con-
centrations respectively, and V the urine flow rate. Follow-
ing water hydration UNES was composed primarily of urea
control
regular
43 5.1
43 3.7
43 4.8
49 4.2
48 4.4
41 3.8
45 4.3
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Table 2. Average values are presented from all GFR groups in the period of maximal water hydration and in the period of maximal
urine flow rate during solute loading
Experimental GFR V UNa CNa V/GFR CNaIGFR Cosm/ UNESV/ CH20/ CH20+ CN3/
group x 100 x 100 GFR
xl00
GFR GFR
xlOO
GFR
xlOO
mi/mm mi/mitt mEq/iiter mi/mimi % % %
mOsm/
liter % %
Group I
(GFR> 80 ml/min)
Water hydration 104 10.7 6 0.4 10 0.4 2 4 8 8
Maximum solute loading 89 33.7 17 4.6 37 5.2 19 43 18 23
Group II
(GFR 35—80 mI/mm)
Water hydration 58 8.5 17 1.4 16 2.6 6 8 10 13
Maximum solute loading 57 22.3 28 5.4 40 9.5 22 39 17 27
Group III
(GFR< 35 mI/mm)
Water hydration 20 5.4 36 1.7 28 8.6 16 21 13 22
Maximum solute loading 23 12.0 41 4.0 50 17.5 33 50 17 35
Abbreviations used are the same as for Table 3.
V= urine flow; Usm, Po1= urinary and plasma osmolality, respectively; Cøsm= osmolar clearance; CH2O= free water clearance;
GFR= Glomerular filtration rate (inulin clearance); UNa, "Na urinary and plasma sodium concentration, respectively; Na= sodium
clearance; UK= urinary potassium concentration; UNESV/GFR= urinary nonelectrolyte solute excretion per GFR.
Table 3. An illustrative study on a subject from Group A (GFR>80 mi/mm)
Pe- Time V U0 '>Osm Cosm CH2O GFR Cosm/ CH20/ UNa Na CNa CNa/ C1120 UK UNESV/
ri- GFR GFR GFR + CNa/ GFR
od x 100 x 100 x 100 GFR
x 100
mOsm/ mosm/ mEq/ mEq/ mEq/ mOsm/
mm mi/mitt kgH2O kgH2O mi/mm mi/mitt mi/mitt % % liter liter mi/mitt % % liter liter
0 Inulin prime and sustaining infusion started
1 120 14.0 58 285 2.9 11.1 124 2.3 9.0 8 136 0.8 0.7 9.7 7.7 3.0
2 139 14.2 57 285 2.9 11.3 125 2.3 9.1 8 136 0.8 0.7 9.8 7.6 2.9
147 3.75% mannitol started at 28 mI/mm and increased progressively thereafter
3 158 14.2 62 283 3.1 11.1 133 2.3 8.4 7 133 0.8 0.6 9.0 7.3 3.6
4 172 20.9 104 285 7.6 13.3 125 6.1 10.6 12 130 1.9 1.5 12.1 4.7 11.8
5 187 23.5 121 284 10.0 13.5 111 9.0 12.1 13 130 2.4 2.2 14.3 3.9 18.5
6 200 23.8 129 283 10.8 12.9 101 10.8 12.8 14 129 2.6 2.6 15.4 3.8 22.0
7 214 24.9 133 284 11.6 13.2 100 11.7 13.3 15 128 2.9 2.9 16.2 3.4 24.0
8 226 28.3 137 285 13.6 14.7 110 12.4 13.4 15 126 3.5 3.2 16.6 3.3 25.8
9 239 29.6 141 284 14.7 14.9 104 14.1 14.3 18 125 4.3 4.1 18.2 2.7 28.3
10 253 31.7 144 284 16.1 15.6 102 15.7 15.3 19 124 4.9 4.8 20,5 2.7 31.3
11 266 36.4 149 283 19.2 17.2 109 17.6 15.8 22 122 6.6 6.0 23.6 2.4 33.5
12 277 41.8 153 283 22.6 19.2 115 19.6 16.7 24 122 8.2 7.1 26.7 2.2 36.6
(>80%), but during mannitol loading consisted of an
increasing fraction of mannitol. In order to compare sub-
jects with different filtration rates at comparable nonelectro-
lyte solute loads per nephron UNESV was factored by GFR
[9, 10].
Fractional sodium excretion (CNa/GFR) after water
hydration was highest in the subjects with lowest GFR
(Fig. 2). This curvilinear relationship between GFR and
CNa/GFR is similar to that reported previously by others
[4, 11]. Subjects on a regular diet, those on a control diet,
and those receiving mineralocorticoid appear to be randomly
distributed about the mean line. The higher levels of frac-
tional sodium excretion in the low GFR group were associ-
ated with increased levels of UNESV/GFR (Fig. 3A).
Following the imposition of a mannitol load on subjects
in the high GFR group UNESV/GFR reached levels corn-
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Table 4. An illustrative study on a subject from Group C (GFR< 35 mI/mm)
Pc- Time V Uosm '0sm Cosm CH2O GFR Cosm/ Ci-12o! UNa 'DNa CNa CNa/ CH2O UK UNE5V
ri- GFR GFR GFR + CNa/ GFR
od xlOO xlOO xlOO GFR
x 100
mOsm/ mOsm/ mEq/ mEq/ mEq/ mOsm/
mm mi/mm kgH2O kgH2O mi/mm mi/mm mi/mm % % liter liter mi/mm % % liter liter
0 Inulin prime and sustaining infusion started
1 120 3.9 182 304 2.4 1.5 13 18.5 11.5 43 136 1.2 9.2 20.7 12.0 21.7
2 183 4.0 181 303 2.4 1.6 13 18.5 12.3 44 136 1.3 9.8 22.1 12,6 20.7
184 3.75% mannitol started at 9cc/mm and increased progressively thereafter
3 229 5.0 173 301 2.9 2.1 13 22.3 16.2 42 133 1.6 12.0 28.2 10.9 25.5
4 269 6.1 176 299 3.6 2.5 14 25.7 17.8 44 131 2.1 15.6 33.4 9.4 31.3
5 308 6.7 177 298 4.0 2.7 15 26.7 18.0 44 128 2.3 15.4 33.4 8.8 32.1
6 339 7.0 181 196 4.3 2.7 16 26.9 16.9 45 126 2.5 16.1 33.0 8.4 34.0
7 364 8.1 186 297 5.1 3.0 17 30.0 17.7 47 124 3.1 18.3 36.0 7.5 36.7
8 384 8.4 188 297 5.3 3.0 17 31.2 17.7 46 122 3.2 18.8 36.5 7.2 40.3
9 404 8.5 189 295 5.5 3.0 16 34.3 18.8 45 120 3.2 19.8 38.6 6.9 44.7
parable to those obtained prior to mannitol loading in
subjects in the low GFR group (Fig. 3B). During mannitol
loading fractional sodium excretion rose from an average
of 0.4% to 5.2% in the high GFR group, but remained
considerably lower than the levels noted prior to mannitol
loading in the low GFR group (Fig. 3 B). When a mannitol
load was administered to the subjects with low GFR the
rate of increase in fractional sodium excretion was signi-
ficantly greater (P< 0.001) than that noted in subjects
with high GFR (Fig. 3 C).
Although mannitol is thought to be a virtually unreab-
sorbable solute and urea partially reabsorbable in the
8
x
ant
proximal tubule under hydrated conditions [12], the
natriuretic effects of both are generally conceded to be
consequent to their respective rates of nonreabsorbed solute
excretion. Clearance studies in dog have indicated that
urea and mannitol have qualitatively similar effects on
sodium excretion [13, 14]. Moreover, in the present study,
the periods in the low GFR group obtained prior to
mannitol loading, in which the nonelectrolyte solute
consisted mainly of urea, are distributed around the regres-
sion line for the periods in which the nonelectrolyte solute
was primarily mannitol (Fig. 3 C). Thus, in these subjects
there does not appear to be a major difference in the
natriuretic effects of solute loads composed of either
mannitol or urea.
It is generally accepted that the capacity to form dilute
urine, in the absence of antidiuretic hormone (ADH),
depends on the absorption of sodium without water,
primarily at the ascending limb of the loop of Henle, and
probably at more distal tubular sites. Within this context,
the quantity of solute free water excreted per minute
(Cfl20) has been utilized as an index of the minimal rate
of sodium reabsorption at these distal water-clearing sites.
Similarly, CH2O + CNa has been utilized as an index of the
minimal quantity of sodium reaching the distal tubule,
Factoring C20 by GFR and (C20 + CNa) by GFR
provide indices of the fraction of the filtered sodium load
reabsorbed in the distal tubule and the fraction of the
filtered sodium load reaching the distal tubule, respectively
[8, 15, 16].
It has been suggested that C20 formation underestimates
the magnitude of distal sodium transport to the extent
that there is a quantity of water which back diffuses out
of the distal tubule and/or collecting duct despite physiologic
suppression of antidiuretic hormone. It is possible that
subjects with low GFR may back-diffuse proportionally
less water out from the distal tubule or collecting duct
than patients with normal OFR. In this circumstance it
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Fig. 2. Fractional sodium excretion (CNa/GFR x100) versus
GFR at maximal water hydration prior to mannitol loading.
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Fig. 3. Fractional sodium excretion versus nonelectrolyte solute excretion per GFR (UNESV/GFR). (A) Data obtained from subjects
in the high (A) and low (,) CNa/GFR group at maximal water hydration prior to mannitol loading. (B) Data obtained in subjects
in the high GFR group prior to and during mannitol loading (s), compared to points obtained in the low GFR group after water
hydration alone (.).The mean regression line for all the points in the high GFR group is depicted (-
- -). (C) Data obtained from sub-jects in the low GFR group prior to (.)and during mannitol loading (0). The mean regression line for the low (—) and the high
(- - -) GFR groups are given.
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might be anticipated that Uosm per fractional solute
excretion would be lower in subjects with low GFR.
However, in the present studies (Fig. 4), as well as those
or other workers [17] urine osmolality per level of fractional
solute excretion was comparable in all groups, suggesting
that the distal back-diffusion of water was similar in all
three groups. It would appear, therefore, that C1120/GFR
represents a reliable index of fractional distal sodium
transport in subjects with chronic renal diesease [9, 17, 18].
The index of the fraction of the filtered sodium load
reaching the distal tubule (CH2O/GFR + CNa/GFR) prior
to mannitol loading was greatest in subjects with the
lowest GFR (Fig. 5). The higher fractional distal sodium
load in the low GFR group was associated with higher
levels of nonelectrolyte solute excretion per GFR (Fig. 6 A).
When nonelectrolyte solute excretion was increased during
mannitol loading in the high GFR group fractional distal
sodium load increased in each study. However, per level
of UNES V/GFR, fractional distal sodium load in the high
GFR group remained generally below levels noted prior
to mannitol loading in the low GFR group (Fig. 6B).
During mannitol loading in the low GFR group fractional
distal sodium load also increased in every study. The rate
of increase in fractional distal sodium load in the low
GFR group was significantly (P <0.001) greater than in
the high GFR group (Fig. 6C).
Fractional distal tubular sodium reabsorption (CH20/
GFR) was similar in both groups at comparable levels of
UNESV/GFR (Fig. 7). Fractional distal sodium reabsorp-
tion in both groups was also evaluated at all levels of
fractional distal sodium load (Fig. 8). As fractional distal
sodium load increased fractional distal sodium reabsorp-
tion increased in each study. However, fractional distal
tubular sodium reabsorption appeared to rise at a some-
what lower rate in the low GFR group (Fig. 8). The
fraction of the distal sodium load reabsorbed in the distal
tubule was lower in the low GFR group at all levels of
UNESV!GFR (Fig. 9).
Discussion
In chronic parenchymal renal disease, the morphologic
changes are not uniform, with varying degrees of glomerular
and tubular damage [19]. Nevertheless, it is established0
that, despite these histologic disparities, the residual
nephrons appear to function in a relatively well-preserved
regulatory and adaptive manner [20, 21]. It has been
proposed that the remaining nephrons contribute to urine
formation do so to a generally equal degree and behave
as though they are functionally intact [20, 21]. This proposal
permits the use of clearance techniques to analyze and
compare alterations in nephron function between diseased
and normal kidneys [3—5, 9, 17, 18, 20, 21].
In the present, as in other studies [1, 4, 11] the fraction
of the filtered sodium load excreted was noted to be
highest in the subjects with the lowest GFR (Fig. 2). The
higher level of fractional sodium excretion in subjects
with a low GFR may have been consequent solely to the
higher nonelectrolyte solute excretion per GFR in these
subjects (Fig. 3 A).
In order to determine the effects of increased nonelectro-
lyte solute loads per nephron on fractional sodium reabsorp-
tion in chronic renal disease, a hypotonic mannitol diuresis
was imposed on each subject. Non-electrolyte solute
excretion per GFR was increased in the high GFR group
to levels noted prior to mannitol loading in the low GFR
group (Fig. 3 B). At comparable UNESV/GFR fractional
sodium excretion remained appreciably lower in the high
GFR group (Fig. 3 B). Thus the elevated levels of fractional
sodium excretion noted in the low GFR group prior to
mannitol loading could not be consequent solely to the
level of nonelectrolyte solute excretion per GFR.
It was noted, however, that with increasing solute loads
fractional sodium excretion in the low GFR group increased
at a significantly steeper rate than in the high GFR group
(P<0.001) (Fig. 3C). This finding indicates that subjects
with a chronically reduced GFR have an exaggerated
increase in fractional sodium excretion in response to an
S
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Fig. 5. Fractional distal tubular sodium load (CH2O + CNa)/GFRX
100 versus GFR in all subjects at maximal water hydration prior
to mannitol loading. Symbols indicate which subjects received a
control sodium diet (0), a regular diet (.), and fludrocorti-
sone (o).
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Fig. 6. Fractional distal tubular sodium load versus nonelectrolyte
soute excretion per GFR. (A) Data obtained in subjects from the
high (A) and low GFR (.) group at maximal water hydration
prior to mannitol loading. (B) Data obtained in subjects in the
high GFR group prior to and during hypotonic mannitol load-
ing (). Points in obtained the low GFR group after water hy-
dration alone are also shown (.). The mean regression line for
all the points obtained in the high GFR group is depicted (- -
(C) Data obtained from subjects in the low GFR group prior
to (.) and during hypotonic mannitol loading (0). The mean
regression lines for the low GFR group (—) and high GFR
group (- - -) are depicted.
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Fig. 7. Fractional distal tubular sodium reabsorption is plotted at
all levels of nonelectrolyte solute excretion per GFR in the high
GFR group prior to (A) and during mannitol loading (Lx) and in
the low GFR group prior to (.) and during mannitol loading(o).
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_____________
reabsorption versus fractional distal tubular
50 °/ sodium load in the high () and low (.) GFR
groups prior to and during mannitol loading.
The mean regression lines for the high (- - -)
and low (—) GFR groups are depicted.
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Fig. 9. The fraction of the distal tubular sodium load that is
reabsorbed in the distal tubule (Cff20/(CH2O+ CNO) X 100) versus
nonelectrolyte solute excretion per GFR in the high () and
low (.) GFR groups prior to and during mannitol loading. The
mean regression lines for the high (- - -) and low (—) GFR
groups are depicted.
increase in solute load. It is conceivable that the slight
increase in GFR noted in the low GFR group during
solute loading might be responsible for this change
(Table 2). However, this seems unlikely since previous
studies have demonstrated that an increase in GFR, per Se,
in uremic man does not provoke an appreciable increase
in fractional sodium excretion [4]. The greater response
to a solute load in subjects with low GFR suggests that
the high plasma urea levels in azotemic subjects may exag-
gerate the increase in fractional sodium excretion induced
by other factors. A similar urea load in normal subjects
may have a much smaller effect on fractional sodium
excretion.
Alterations in fractional proximal sodium and water
reabsorption were evaluated after water hydration and
during subsequent hypotonic mannitol loading. Following
water hydration, the index of fractional distal sodium
supply was highest in those subjects with the lowest GFR
(Fig. 5). Thus, the degree of inhibition of fractional proximal
sodium reabsorption seems to bear some relation to the
extent of the reduction of renal mass. This alteration of
proximal tubular sodium reabsorption could be consequent
solely to the higher nonelectrolyte solute load in the low
GFR group (Fig. 6A).
However, when nonelectrolyte solute excretion per GFR
was increased in the high GFR group the index of fractional
distal tubular sodium load remained appreciably lower
than most of the levels noted prior to mannitol loading
in the low GFR group (Fig. 6B). Thus, the higher non-
electrolyte solute excretion per GFR could not be the sole
factor responsible for the higher fractional distal sodium
load noted in the low GFR group prior to mannitol loading.
Moreover, during mannitol loading the rate of increase
in fractional distal sodium load per increase in nonelectro-
lyte solute excretion was significantly greater in the low
GFR group (P< 0.001) (Fig. 6C). It would appear, there-
fore, that aswith overall tubular sodium reabsorption, the
proximal tubule of subjects with chronic renal disease is
more susceptible to the inhibition of fractional sodium
reabsorption provoked by an increase in solute load.
It is generally accepted that even in the presence of ADH
the cortical distal tubule is relatively impermeable to urea
[22, 23]. Under hydrated conditions, when distal tubular
and collecting duct water permeability are markedly
decreased, it has been suggested that in man these segments
are virtually impermeable to urea [12]. Thus, under
hydrated conditions, fractional urea clearance (Curea/GFR)
has been utilized as an index of fractional proximal water
(and sodium) reabsorption [12]. It seems relevant, therefore,
that after water hydration in the present studies CureaIGFR
was highest in those subjects with the lowest GFR (Fig. 1).
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Thus, the urea data support the proposal that subjects with
lowest GFR exhibit the greatest inhibition of fractional
sodium and water reabsorption in the proximal tubule.
Distal tubular sodium reabsorption was also examined
in these studies. At all levels of UNE5V/GFR obtained before
and during mannitol loading CH2O/GFR was comparable
in the high and low groups (Fig. 7) [17]. However, as
previously demonstrated, at the same UNESV/GFR frac-
tional distal tubular sodium load was higher in the low
GFR group (Fig. 6 B, 6 C). Therefore, fractional distal
sodium reabsorption was evaluated per level of fractional
distal sodium supply (Fig. 8). Unfortunately, distal sodium
supply could be compared in the two groups to levels only
as high as 30% of the filtered load. Nevertheless, it would
appear that fractional distal transport rose at a somewhat
lower rate in the low GFR group (Fig. 8). Moreover, the
fraction of the distal sodium supply reabsorbed in the
distal tubule was lower in the low GFR group at all levels
of UNESV/GFR (Fig. 9). Although it cannot be established
with certainty, these data suggest that in chronic renal
disease there may also be an impaired capacity of the
distal tubule to increase its rate of transport as distal
sodium load rises.
The mechanisms by which subjects with chronic renal
disease decrease fractional sodium reabsorption remain
speculative. It has been suggested that reductions in renal
mass may be associated with an increase in single nephron
GFR [21, 24]. It is conceivable that the augmented frac-
tional sodium excretion is consequent solely to an increase
in single nephron filtration rate. However, the capacity
for single nephron GFR to increase, even in a nondiseased
kidney, is apparently limited [2]. Moreover, in experimental
renal disease, fractional sodium excretion increases appre-
ciably even when the compensatory increase of GFR is
prevented [25]. Furthermore, a rise in GFR per nephron
does not necessarily induce an appreciable increase in
fractional sodium excretion [4, 26]. Despite these consider-
ations, it is not possible to exclude entirely the proposal
that an increase in single nephron GFR, in conjunction
with an increased solute load, is responsible for the altera-
tions in tubular sodium reabsorption noted in chronic
renal disease.
It has been suggested that sodium excretion in uremic
man on a normal salt diet may be flow dependent and
consequently may increase as urine flow rate per nephron
rises [3]. This proposal presumably explains the higher
levels of CNa noted in the low GFR groups following water
hydration (Table 2). Moreover, as fractional solute excre-
tion increased fractional urine flow rose in each study
(Table 2). It is possible, therefore, that the higher fractional
sodium excretion noted in azotemic subjects may be con-
sequent, in part, to the increase in urine flow rate per nephron
as well as to an exaggerated response to an increase in
solute load per nephron.
Although the effects of aldosterone may influence tubular
function in chronic renal disease, variations in the level
of aldosterone do not appear to be the major factor
influencing sodium excretion in the present studies, as the
higher fractional sodium excretion persisted in subject
with low GFR despite the administration of fludrocortisone
(Fig. 2). Moreover, since the level of aldosterone is ap-
parently higher than normal in chronic renal disease [11],
its effects would not explain the higher fractional sodium
excretion in subjects with reduced GFR.
Recent studies have suggested that saline loading inhibits
the reabsorption of sodium in the proximal tubule [27] and
decreases the sodium reabsorptive capacity of the distal
tubule [8, 28]. These findings are similar to the alterations
in sodium transport that were noted in the present studies
in subjects with low GFR. Thus, the present, as well as
previous studies, suggest that subjects with chronic reduc-
tions in GFR behave as though they have an enhanced
stimulus to sodium excretion similar to that provoked by
expansion of extracellular fluid volume by saline loading
[4, 25].
It has been suggested that certain physical factors such
as hypertension [29], reductions in peritubular oncotic
pressure [30] and hematocrit [31] may decrease sodium
reabsorption. The lower serum albumin and the lower
hematocrit in subjects with chronic renal disease (Table 1)
would, in this view, favor a sodium diuresis. Although
more of the subjects with low GFR had hypertension than
in the other two groups, the level of hypertension within a
group did not correlate well with the level of fractional
sodium excretion.
In summary, the present studies indicate that an increase
in solute load per nephron does not appear to be the sole
mechanism responsible for the higher fractional sodium
excretion noted in subjects with chronic renal disease.
However, subjects with low GFR do appear to have an
exaggerated increase in fractional sodium excretion in
response to an increase in solute load. The augmented
fractional sodium excretion in chronic renal disease results
in large part from an inhibition in fractional proximal
sodium reabsorption, the extent of which is related to the
degree of reduction in GFR. Distal tubular sodium reab-
sorption may also be impaired in these subjects.
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